Plant-soil feedbacks (PSFs) can influence plant competition via direct interactions with 16 pathogens and mutualists or indirectly via apparent competition/mutualisms (i.e., spillover to co-17 occurring plants) and soil legacy effects. Presently, it is unknown how intraspecific variation in 18
INTRODUCTION 46
Plant species influence the community composition and function of soil biota, which inturn can impact fitness of host plant species, a reciprocal interaction commonly referred to as a 48 plant-soil feedback (PSF) other plant species may also be inhibited by soil biota even after removal of the invasive plant 64 9 alterniflora, or both species combined. 3) high/low nutrient levels -nutrient levels were 160 manipulated to represent nutrient-rich and nutrient-poor environments. 4) P. australis lineage -161 plants and corresponding soil inoculum from populations of the native, European, and Gulf 162 lineages of P. australis were used for the experiment. These four treatments were fully crossed 163 (36 total treatment combinations) and replicated among clones from three distinct P. australis 164 populations within each lineage (Table 1) . We planted ten replicates of each of the treatment 165 combinations for all nine P. australis populations, resulting in a total of 1,080 pots. Plants were 166 grown in a greenhouse located at Louisiana State University (30.36° N, -91.14° W) and pots 167 were arranged in a randomized blocked design with five blocks to account for possible gradients 168 in the greenhouse environment. A more detailed description of the experimental treatments and 169 design is provided in Appendix S1. 170
171

Data collection 172
Harvesting was completed from 5 to 13 December, 2015. At this southern climate, plants 173
were still growing and had not reached the flowering stage, which generally follows the second 174 year of growth or later when propagating from rhizome cuttings. Above-and belowground 175 biomass was harvested for each plant species from each pot, oven-dried to constant mass at 60 176 °C, and weighed to the nearest 0.1 g. Because no plants produced a panicle, we used above-and 177 belowground biomass (i.e., clonal growth) and root:shoot ratio (i.e., biomass allocation) as 178 proxies for fitness. As these variables all demonstrated similar results, we focus on total biomass 179 for our results and discussion, but report fully on other variables in Appendices S3, S4, and S5. 180
181
Data analysis
To examine how response variables for each plant species (P. australis, S. alterniflora) 183 were influenced by P. australis lineage (native, European, Gulf), live/sterile soil inoculum, 184 presence/absence of an interspecific competitor, and high/low nutrient availability, we used 185
Akaike's Information Criteria corrected for finite sample size (AICc) to select the most 186 informative mixed-effect model from a set of candidate models (Burnham and Anderson 2010) . 187
The full model included the variables above and all two-, three-, and four-way interactions as 188 fixed effects (fifteen total variables). Phragmites australis population and greenhouse block were 189 included as random effects to account for within-lineage variation and possible greenhouse 190 environment gradients, respectively. We report AICc weights that indicate the proportional 191 strength of support for model i being the best model given the set of plausible models (ΔAICc Based on the top model, average biomass was 10% lower for P. australis grown in pots 207 containing live (43.47 ± 0.5 g, back-transformed least-squares mean ± S.E.) than sterile soil 208 inoculum (48.47 ± 0.5 g) (Fig. 1A) , regardless of the P. australis lineage, presence of an 209 interspecific competitor, or nutrient availability (no influential interactions in the top model). 210
Similarly, competition with S. alterniflora reduced biomass of P. australis by 13% (42.72 ± 0.5 211 g) relative to when grown alone (49.27 ± 0.5 g) ( Most interestingly, the direction of the impact of P. australis soil inoculum on S. 224 alterniflora biomass depended upon the P. australis lineage the soil inoculum was sourced from 225 (lineage × soil inoculum interaction) as well as the presence/absence of P. australis as a 226 competitor (interspecific competition × soil inoculum interaction). The impact of soil biota on S.alterniflora biomass was in the opposite direction for invasive (a 7% decrease relative to sterile 228 soil; European: 23.32 ± 0.06 g to 20.29 ± 0.06 g; Gulf: 23.78 ± 0.06 g to 20.68 ± 0.06 g) and 229
native (a 6% increase from 18.14 ± 0.06 g to 20.44 ± 0.06 g) P. australis lineages, an overall 230 difference in biomass of 13% (Fig. 2) . Moreover, when grown alone, S. alterniflora biomass was 231 12% lower in pots with live (28.63 ± 0.04 g) than sterile (32.67 ± 0.04 g) P. australis soil 232 inoculum (Fig. 3A) . Conversely, when competing with P. australis, S. alterniflora plants in live 233 soil inoculum had 6% higher biomass (13.68 ± 0.04 g) than those in sterile inoculum (12.92 ± 234 0.04 g), an 18% difference between treatments. Soil biota from P. australis also altered the 235 effects of interspecific competition, reducing S. alterniflora biomass by 52% in live soil 236 inoculum (from 28.63 ± 0.04 g to 13.68 ± 0.04 g) and 60% in sterile soil inoculum pots (from 237 32.67 ± 0.04 g to 12.92 ± 0.04 g) (Fig. 3A) . The effects of interspecific competition also 238 interacted with nutrient availability; biomass of S. alterniflora decreased by 53% (from 17.37 ± 239 0.04 g to 8.09 ± 0.04 g) and 58% (from 47.60 ± 0.04 g to 19.79 ± 0.04 g) in nutrient-poor and 240 nutrient-rich pots, respectively (Fig. 3B ). Increased nutrient availability had a strong effect on S. 241 alterniflora biomass, which was 174% (from 17.37 ± 0.04 g to 47.60 ± 0.04 g) and 145% (from 242 8.09 ± 0.04 g to 19.79 ± 0.04 g) higher than in nutrient-poor pots when grown alone and with P. 243 australis as a competitor, respectively (interspecific competition × nutrient availability 244 interaction) (Fig. 3B) . Finally, in nutrient-poor pots, differences in S. alterniflora biomass among 245 pots with soil inoculum from different P. australis lineages were relatively small (< 4%, range of 246 12.10 to 12.52 ± 0.06 g). However, in nutrient-rich pots, S. alterniflora grown with soil inoculum 247 from the invasive lineages of P. australis had 19% higher biomass (European: 34.30 ± 0.06 g; 248 Gulf: 34.62 ± 0.06 g) than pots with soil inoculum or plants from the native lineage (27.89 ± 0.06g) (lineage × nutrient availability interaction). This pattern was consistent regardless of the 250 presence of P. australis as a competitor or whether the soil inoculum was live or sterile. 251 252
Factors affecting other response variables 253
The top models for other P. australis and S. alterniflora response variables (aboveground 254 biomass, belowground biomass, root:shoot ratio, see Appendices S3, S4, and S5) were 255 remarkably similar to those for total biomass. However, lineage-specific effects were more 256 prevalent and three additional terms were identified as influential, which we focus on describing 257 below. For P. australis, the negative impact of live soil biota on aboveground biomass of the 258
European lineage was 64% and 75% less than the native and Gulf lineages (lineage × soil 259 inoculum interaction), respectively (Appendix S5, Fig. S1 ). The European lineage also had the 260 greatest root:shoot ratio in nutrient-poor pots, but this changed to the native lineage in nutrient-261 rich pots (lineage × nutrient availability interaction) (Appendix S5, Fig. S2 ). Finally, for the 262 additional S. alterniflora traits, the tripartite lineage × interspecific competition × soil inoculum 263 interaction was the only other variable identified as influential that was not already present in the 264 top model for total biomass. For this interaction, the presence of P. australis increased the 265 strength of soil biota impacts on S. alterniflora root:shoot ratio across all three lineages, but the 266 direction of this effect varied by P. australis lineage (Gulf: a 3% to 34% decrease in root:shoot 267 ratio; European: 6% to 23% decrease; native: 9% to 27% increase) (Appendix S5, Fig. S3) . australis to be a dominant interspecific competitor and that S. alterniflora had a stronger 288 response to increased nutrient availability, which also mediated the impact of interspecific 289 competition on S. alterniflora. However, contrary to expectations, we found little support for the 290 hypothesis that invasive P. australis lineages have superior interspecific competitive ability or 291 response to nutrients when compared to the native lineage. Taken together, these results suggest 292 that rather than direct PSFs, interspecific competitive ability, and response to nutrient deposition, 293 the more nuanced indirect effects of P. australis soil biota on S. alterniflora via spillover of 294 pathogens and mutualists (i.e., apparent competition and mutualism), soil legacy effects, andaltered interspecific competition strength appear to be the key differences among P. australis 296 lineages that may ultimately influence their relative success in North American salt marshes. 297 Finally, our study, which integrates multiple factors linked to invasion success, highlights how 298 indirect interactions can underpin successful invasions and their impact, and could inform 299 approaches to management and restoration of areas invaded by P. australis. 300
301
Direct PSFs of Phragmites australis lack intraspecific variation or context dependency 302
Despite strong lineage-specific differences in rhizosphere microbial communities (Nelson 303 and the lack of differences in PSF strength among lineages could simply be that although lineages 314 differ in their microbial communities, their net effects on the plant are the same. However, 315 studies in other systems contradict this explanation, such as that of Wagg et al. (2015) who 316 demonstrated that differences in PSFs of two populations of Trifolium pratense were related to 317 corresponding differences in the rhizosphere microbe community. Finally, in contrast to our thirdprediction, the impact of soil biota on P. australis biomass was unaffected by the presence of S. 319 alterniflora as a competitor or nutrient availability, suggesting there is little context dependency 320 of P. australis PSFs regarding these variables. Intriguingly, these results are similar to those of 321 the only other study to take such a multi-factor approach to the role of PSFs in plant invasions, 322
where Larios and Suding (2015) found that negative PSFs of invasive wild oat (Avena fatua) 323 were also largely unaffected by competition or nutrient availability. 324 325
Lineage-specific indirect PSFs influence Phragmites australis invasion and impact 326
In support of our second prediction, we found that generalist soil biota from the 327 rhizosphere of populations of the two invasive P. australis lineages had a net negative impact on 328 S. alterniflora biomass, whereas soil biota from populations of the native lineage had a net Yangtze River estuary in China, but the roles of the species were reversed; there, S. alterniflora 347 is invasive and spillover of the fungal pathogen Fusarium palustre resulted in significant dieback 348 of native P. australis. Unfortunately, our experimental design did not allow us to assess how soil 349 biota sourced from S. alterniflora populations affects P. australis in North America, although a 350 reciprocal transplant experiment using soil biota from S. alterniflora and other native plants is a 351 logical next step. 352
Furthermore, live P. australis soil biota decreased native S. alterniflora biomass by 12% 353 when grown alone, but this changed to a 6% increase when competing with P. australis. We 354 observed similar interspecific competition × soil inoculum interaction effects for all S. 355 alterniflora response variables, although the direction of this impact on biomass allocation 356 (root:shoot ratio) also differed among lineages, further supporting our predictions of strong 357 interplay among these three factors. Similarly, Larios and Suding (2015) demonstrated that 358 native purple needlegrass (Stipa pulchra) exhibited a positive PSF when grown alone at low 359 nutrient levels, but that this PSF became neutral when competing with A. fatua or in high nutrient 360 environments. At least two scenarios could explain the effects we observed for S. alterniflora. 361
First, harmful generalist soil biota may interact preferentially with P. australis, only switching 362 hosts to S. alterniflora when P. australis is absent. Such a preference is not entirely unexpected 363
given that the soil inoculum was originally collected from naturally occurring P. australis suggesting that P. australis may indirectly facilitate the growth of co-occurring native plants. 373 However, these underlying mechanisms cannot easily be disentangled without identifying the 374 organisms involved, which was unfortunately outside the scope of this study. 375
376
Effects of interspecific competition and nutrient availability 377
Superior competitive ability has long been recognized as a common trait of invasive plant 378 species (Elton 1958, reviewed by Gioria and Osborne 2014) and is often cited as one of the main 379 reasons the European P. australis lineage has become so prevalent in North America. In support 380 of this view and our fifth prediction, we found that interspecific competition decreased biomass 381 of P. australis and S. alterniflora by 13% and 57%, respectively. This result is consistent with 382 studies showing that native S. alterniflora tends to be restricted to lower marsh areas due to its 383 poor competitive ability but superior tolerance of abiotic stress factors such as high salinity and 384 flooding (Bertness 1991, Pennings et al. 2005) . Several studies have also indicated that European 385 P. australis is a stronger competitor than the native and Gulf lineages (Howard et al. 2008, 386 competitive ability, or impact on S. alterniflora biomass among the three P. australis lineages. 388
Thus, we suggest that interspecific competitive ability may not be a key factor explaining the 389 predominance of European relative to native and Gulf P. australis in North America. 390
Several studies have found that soil biota and nutrient availability can significantly alter 391 the outcome of interspecific competition Jackson 1997, Casper and Castelli 2007, 392 Hodge and Fitter 2013, but see Maron et al. 2016 ). In our study, live soil biota and nutrient-poor 393 conditions both reduced the negative impact of interspecific competition on biomass of S. 394 alterniflora but not P. australis, partially supporting our fourth prediction. The effect of soil 395 biota on interspecific competition can likely be attributed to the consistent negative PSF suffered 396 by P. australis, which may decrease its competitive ability or the strength of beneficial spillover 397 affecting S. alterniflora. Moreover, our findings contrast with earlier studies that found nutrient 398 addition reduces negative impacts of interspecific competition on S. alterniflora (Levine et al. interaction between soil inoculum and P. australis lineage was identified as influential using 664 mixed-effect model selection (see Table 2 ). Some error bars are obscured due to their small size. 665 666 (least squares mean ± S.E.) of Spartina alterniflora grown in A) live or sterilized P. australis soil 668 inoculum and B) with high or low nutrient availability. These interactions were identified as 669 influential using mixed-effect model selection (see Table 2 
